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COMPENSATON OF FLARE-INDUCED CD CHANGES IN EUVL 



The United States Government has rights in this invention ptirsuant to 
Contract No. DE-AC04-94AL85000 and Contract No. W-7405-ENG-48 between 
the United States Department of Energy, the Sandia Corporation, and the 
University of California for the respective operation of the Sandia National 
Laboratories and the Lawrence Berkeley National Laboratory. 

BACKGROUND OF THE INVENTION 
The present invention relates to extreme ultraviolet lithography 
(EUVL), particularly to compensation of flare-induced CD changes in EUVL. 
More particularly, it relates to a method for substantially eliminating flare- 
induced CD changes by calculating flare and its variation over the area of a 
patterned mask and then using mask biasing to eliminate the CD variations 
caused by flare and its variations. 

The scattering of light by the components of lithographic cameras is a 
problem of ever-increasing importance for the semiconductor industry. 
Scattering causes the redirection of light from an area of an image intended to be 
bright into all areas of the image, including those regions intended to be dark. 
The resulting backgrotind illimiination is called "flare," which reduces image 



contrast and the process window for printing. More importantly, flare also has a 
detrimental effect on the dimensions of critical feattires, referred to as critical 
dimensions (CD), and thus has a detrimental effect on CD control; localized flare 
variations (which are inevitable), lead to localized CD variations. In the 
5 manufacture of semiconductor devices, such as microprocessors, it is extremely 
important that the CD's are very accurately controlled. 

The dimensions of critical circuit features or CD's are defined by 
optical lithography and the associated processing steps. There are numerous 
effects that can cause CD's to deviate from the desired targets. Among these is 

10 the background illumination or flare in the image projected by the camera, 

caused by light scattering within the camera. In optical lithography and deep 
ultraviolet (DUV) lithography (248-157 nm) the intrinsic flare of the camera 
varies over the image field; additionally, there are flare variations in the 
projected image that are caused by variations in the density of absorbers on the 

15 photomask. These flare variations cause CD variations. Because the intrinsic 
flare of optical and DUV cameras varies over the image field, it has not been 
possible in the past to compensate for flare-induced CD changes. Instead, 
emphasis has been placed upon reducing flare as much as possible. 

In principle the compensation technique of this invention could be 

20 applied to optical and DUV, but its implementation may be so cumbersome as to 
be impractical. In optical and DUV one would need to compensate for across- 
field flare variations as well as within-die flare variations. In EUVL, flare is 
essentially constant across the field. 

The intrinsic flare levels in extreme ultraviolet lithography (EUVL) 

25 cameras will most likely be higher than experienced in optical and DUV cameras. 
However, the intrinsic flare of EUVL cameras is essentially constant over the 
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image field. Based on the recognition of this difference in intrinsic flare between 
optical and DUV cameras and EUV cameras, the method of the present invention 
makes it practical to compensate for the CD changes caused by flare and its 
variations caused by the absorber density variations on the photomask. 
5 The compensation provided by the method of the present invention is 

accomplished by biasing the photomask, which means changing the dimensions 
of features on the photomask so that all features on the mask print within the 
desired CD range. Mask biasing is used today to compensate for CD variations 
caused by optical proximity effects, but has not been previously used to also 

10 correct for flare-induced CD variation. It is the recognition that the intrinsic flare 
of EUVL cameras is essentially constant over the image field that makes the use 
of the compensation techniques of the present invention practical. Basically the 
method of the invention involves calculating the flare and its variation over the 
area of a patterned mask that will be imaged and then using mask biasing to 

15 largely eliminate the CD variations that the flare and its variations would 
otherwise cause. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to eliminate unwanted changes 
20 of critical dimensions or CD's in extreme ultraviolet (EUV) lithography. 

A further object of the invention is to provide compensation of flare- 
induced CD changes in EUVL. 

Another object of the invention is to provide a method to eliminate 
flare-induced CD changes, particularly in EUVL systems. 
25 Another object of the invention is to provide a method for reducing or 

eliminating undesirable CD changes which are flare-induced based on the 
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realization that the intrinsic level of flare for an EUV camera is essentially 
constant over the image field. 

Another object of the invention is to provide a method for 
compensation of flare-induced CD changes in EUV lithography which involves 
5 calculating the flare variation over the area of a patterned mask and then using 
mask biasing to largely eliminate the CD variations that the flare and its 
variations would otherwise cause. 

Other objects and advantages of the present invention will become 
apparent from the following description and accompanying drawing. Basically 

10 the invention is directed to compensation of flare-induced CD changes in 

photohthography, particularly EUV lithography. Unlike optical lithography and 
DUV lithography, wherein the intrinsic flare varies over the image field, the 
intrinsic level of flare for an extreme ultraviolet (EUV) camera (the flare level for 
sub resolution opaque dot in a bright field mask) is essentially constant over the 

15 image field, (changing only very near the edges of the field). Based on this 

recognition, compensation of flare-induced CD changes in EUV cameras can be 
made in accordance with the method of the present invention, which basically 
involves calculating the flare and its variation over the area of a patterned mask 
that will be imaged and then using mask biasing to largely eliminate the CD 

20 variations that the flare and its variations would otherwise cause. The general 
method of this invention is, in principle, applicable to optical or DUV 
lithography but it is impractical to implement since the intrinsic flare for those 
lithographies is not constant over the image field. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawing, which is incorporated into and forms a 
part of the disclosure, illustrates the effects of light scattering on image formation 
and, together with the description, serve to explain the principles of the 
5 invention. 

Figure 1 is a schematic diagram that illustrates the way in which light 
scattering reduces the contrast of the aerial image and how the presence of flare 
changes the printed CD for the case of an isolated line. 

Figure 2 is a diagram showing the various operations involved in 
10 carrying out the method of the invention for compensation of flare-induced CD 
I changes in extreme ultraviolet lithography. 

J DETAILED DESCRIPTION OF THE INVENTION 

% The present invention is directed to a method for compensation of 

=|15 flare-induced CD changes in photolithography, particularly extreme ultraviolet 
t lithography (EUVL). As pointed out above, the scattering of light by the 

1 components of lithographic cameras is a problem, since light scattering causes 

^ the redirection of light from an area of an image intended to be bright into all 

areas of the image, including those regions intended to be dark. The resulting 
20 background illumination is known in the art as flare, which reduces image 

contrast and the process window for printing. As also pointed out above, flare 
has a detrimental effect the dimensions of critical circuit features, referred to as 
critical dimensions or CD's. Hare also has a detrimental effect on CD control; 
localized flare variations, which are inevitable, lead to CD variations. The 
25 method of the present invention provides compensation for these flare-induced 
CD changes. 
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Figure 1 is a schematic diagram that illustrates the way in which light 
scattering reduces the contrast of the aerial image and in the way that the 
presence of flare changes the printed CD for the case of an isolated line. The 
normalized aerial images with and without flare are shown. As seen in the 
5 figure, the aerial image of an isolated 100 nm dark line in a bright field is imaged 
by a 0.08 NA EUV camera using radiation at 13.4 run with a partial coherence of 
0.7. The curve A shows the aerial image obtained with a scatter-free camera; the 
image has been normalized to a bright-field intensity of 1. The curve B is 
obtained with a similar camera that has scatter; the total scattering (TIS) was 

10 taken to be 20% and the flare level to be 15%. The inter\sity level I^is the resist 
threshold level that produces the correct CD for the case without scatter (curve 
A). In the presence of scatter (curve B), the resulting flare changes the aerial 
image so that the value 1^. results in the printing of a smaller CD. Furthermore, 
the flare level will be a function of position in the mask. These variations of the 

15 flare over the mask result in further CD variations. The method of this invention 
uses mask biasing to compensate for the base CD changes as well as its variation 
over the mask. 

The effects of light scattering have become more important in 
Uthography as the wavelength of light used to carry out the imaging has evolved 

20 from 365 nm (used in the recent past) to 248 nm (currently in use) to 193 nm 

(soon to be deployed). Generally speaking, light scattering increases rapidly as 
the wavelength is reduced. The maximxim flare level in high quality 248 nm 
DUV cameras is only several percent, but the impact of flare variations can be 
considerable. For example, under typical DUV imaging conditions, a change in 

25 the absolute flare of 1% will cause a change in the printed CD of an isolated line 
of about 2.5%. Optical and DUV lithographic cameras contain refractive optical 
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elements whereas EUV cameras are totally reflective. As a consequence, the 
intrinsic flare of optical and DUV cameras varies more or less continuously over 
the image field by about a factor of 2 whereas the intrinsic flare of EUV cameras 
is essentially constant over the image field. 
5 EUVL cameras are all-reflective and use radiation in the vicinity of 13 

nm to carry out imaging. In EUVL, light scattering is caused primarily by the 
surface roughness of the camera's mirrors. The relative importance of flare in 
EUVL is even more important than it is in DUV lithography. This is because the 
magrutude of flare due to scattering by surface roughness is proportional to 

JiO 1 / A ^ everything else being constant. It is anticipated that the maximum flare 
levels in EUVL cameras may be as much as 5% to 10%. The method of this 
invention will produce a significant effect on the reduction of CD changes 

^0 resulting from flare and its variation over the mask. 

in The qualitative behavior of flare in EUVL cameras is considerably 

Ol5 different than the behavior in DUV cameras, and it is the difference that enables 
m the use of the compensation method of this invention. First consider the flare 

Jij experienced by a dark, isolated sub-resolution dot in a bright field mask. This is 

called the intrinsic flare of the camera. As pointed out above, in a DUV camera 
the intrinsic flare varies more or less continuously from a maximum value in the 
20 center of the image field to a value of about one half that amount at the field 
edges. This variation of flare in a DUV camera causes printed CD to vary over 
the field, a problem known as "across-chip linewidth variation (ACLV)." By 
contrast, it has been discovered that the intrinsic flare in an EUVL camera is 
essentially constant over most of the image field. At the field edges the flare 
25 level falls to a value of about one half of the value elsewhere, but the fall-off 

occurs over a short distance of several hundred nrucrons or less. That is to say. 
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the intrinsic flare is essentially constant over the vast majority of the image field. 
It is this recognition that makes practical the compensation method of the present 
invention for EUV lithography. 

Now consider v/hat happens when an image contains a patterned 
5 mask. Because the mask contains a patterned absorber there is less scattered 
light than experienced with a bright field mask. Secondly, the scattered light 
incident on a given point in the projected image of the mask comes from a 
restricted region surrotmding that point. As a result, the flare experienced by a 
given mask feature is determined by the mask features surrounding it. It then 

10 follows that the printed CD for a given mask feature in the projected image 

depends on its surroimdings. For example, the flare for dense lines and spaces is 
one half of the intrinsic flare at that point in the field and the flare for an isolated 
bright line in a dark field is essentially zero. This localized flare dependence may 
be thought of as a form of optical proximity effect and it causes the problem 

15 known as "within-die CD variation." For a DUV camera, this within-die flare 
variation is superimposed on the across-field flare variation. This makes it so 
difficult to compensate for flare variations in DUV lithography that such 
compensation has not been carried out. For EUV cameras, there is essentially no 
across-field flare variation and compensation for flare variations for within-die, 

20 flare-induced CD variation is practical using the method of this invention and 
described hereinafter. 

The method used to compensate for within-die, flare-induced CD 
variations, as diagrammed in Figure 2 is as follows: 

1. First, determine the contribution that scattering makes to the point 

25 spread function (PSF) of the camera. This is done by measuring the power 
spectral densities (PSD's) of the roughness of the mirrors that comprises the 
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camera. The procedure for calculating the PSF due to scattering from the nurror 
PSD's is described in D.G. Steams, et al., "Nonspecular x-ray scattering in a 
multilayer-coated imaging system," J. Appl. Phys. 84, pp. 1002-1028 (1998), and 
in D.G. Steams, et al, "Nonspecular scattering from extreme ultraviolet 

5 multilayer coatings," Physica B 283, pp. 84-91 (2000). These papers discuss the 
details of how the scattered radiation propagates through the camera. 

2. Alternatively, the PSF of the camera (including the effects of 
diffraction and scattering) can be measured using EUV scatterometry and/ or 
interferometry as described in E.M. Gullikson, et al., EUV scattering and flare of 

10 lOX projection cameras," Proc. SPIE 3676, pp. 717-723 (1999). This paper 
describes how the PSF, due to scattering, can be experimentally measured 
directly by scattering measurements or indirectiy by EUV interferometry. 

As a check, the flare level can be experimentally measured at many 
points within the exposure field using well-known techniques, see J.P. Kirk, 

15 "Scattered light in photolithographic lenses," Proc. SPIE 2197, 566 (1994). This 
technique uses resist exposures to determine flare levels and can be used 
specifically for deternuning the intrinsic flare of a camera. This result can then be 
compared with the predictions made using the results obtained in operation "1" 
above. 

20 3. Calculate the aerial image of the mask pattem that is to be imaged. 

This result yields the variation of the flare over the projected aerial image. This 
calculation is carried out by convolving the PSF due to scattering with the aerial 
image produced by the camera in the absence of scattering. One can obtain a 
good approximation to the aerial image by convolving the PSF due to scattering 

25 with the ideal aerial image of the mask, which neglects the effects of aberrations 
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and diffraction. This calculation yields an excellent approximation for the flare 
as a function of position in the projected mask pattern. 

4. Based on the aerial image calculated in operation "3" above, 
determine the printed CD's of all the critical features on the mask. This is done 

5 by using the simple resist threshold model or it can be done more accurately by 
using a detailed resist model that incorporates various processing steps such as 
post-exposure bakes and development. Alternatively, one can use the calculated 
flare and its variation over the projected mask pattern in conjunction with a 
lookup table to determine the approximate amount of mask bias required at 

10 various positions on the mask. A lookup table could also be constructed from 
experimentally measured CD's for a print of an unbiased mask. 

5. Based on the results obtained in operation "4" above, bias the mask 
features (i.e., change their dimensions) so that each of them prints with the 
desired CD. The biasing is carried out in the mask making process. That is, the 

15 biased mask is fabricated using the usual techniques, but with feature 

dimensions changed (or biased) to yield the desired CD in the presence of the 
flare. 

While the above described operations require much detailed work, 
they are very similar to the optical proxirruty calculations that are carried out 
20 today to compensate for proximity effects due to diffraction. 

Generally, it is always advantageous to first minimize the flare in the 
aerial image before carrying out the above described process. One approach for 
doing this is to determine whether a bright field mask or a dark field mask will 
yield the least amount of flare. Using a bright field mask, used with a positive 
25 photoresist, will convey more light to the camera than will a dark field mask 



used with a negative photoresist. Consequently, a bright field mask will 
generally be associated with more flare than will a dark field mask. 

The procedures outlined above have been described with standard 
binary masks in rrund; however, they apply equally well to other masks, such as 
5 the many varieties of phase masks. 

It has thus been shown that the present invention provides a method 
to the compensation of flare-induced CD changes in photolithography, 
particularly EUV lithography. The method relies on the realization that the 
intrinsic level of flare for an EUV camera is essentially constant over the image 
10 field, and involves calculating the flare and its variation over the area of a 
patterned mask that will be imaged and then using mask biasing to largely 
eliminate the CD variations that these flare variations would otherwise cause. 

While particular operational sequences have been set forth to 
exemplify and describe the principles of the invention, such are not intended to 
15 be limiting. Modifications and changes may become apparent to those skilled in 
the art, and it is intended that the invention be limited only by the scope of the 
appended claims. 



